I. INTRODUCTION
T HE subject of vibrations in switched reluctance motors (SRMs) has attracted recent attention, including vibration tests [1] , [2] , modal analysis [3] , and resonant frequency calculations [4] . However, the transient vibration during startup, braking, and sudden load change remains unknown. In some circumstances, the transient vibration is more important than the steady state value, because the switched reluctance motors (SRMs) is running in the transient state most of the time, for example with the application of the SRM as a braking motor in automobiles.
It is now well known that the normal force between SRM stator poles and rotor poles causes an attraction and, thus, an ovalization of the stator, which is the main cause of SRM vibration and acoustic noise [1] . The normal force in the SRM is very difficult to measure from experiment, and cannot be easily and accurately modeled analytically, because of the double saliency of the stator and rotor poles, as well as the highly saturated nature of the flux density.
The normal forces, which excites vibrations in SRMs, depends largely on the transient current. The simulation of the SRM phase current is found in several papers [5] - [7] . PSpice and Matlab/SIMULINK have been used, with acceptable results. Both linear and nonlinear models have been used in those papers. The phase current waveforms after reaching steady state as well as during startup were shown. However, the operation during sudden load changes or braking has not been investigated.
In this paper, the simulation of transient vibrations during different operating conditions, such as startup, sudden load change, and braking, is developed. The vibration prediction model is based on the detailed normal force versus phase current and rotor position lookup table using finite-element calculations. To verify the simulation results, the running motor test is driven by a classic converter controlled by dSPACE, which has the functions of a digital signal processor (DSP) and AD/DA converter, and can be run in a Matlab/Simulink environment. An 8/6-pole 4-kW SRM is used for experimental validation of the simulation results. Both phase current and stator vibration are measured, with acceptable accuracy.
II. NUMERICAL CALCULATION OF NORMAL FORCE AND LOOKUP TABLE CONSTRUCTION
Because of the structural complexity of SRMs and highly saturated nature of the flux density, it is very difficult to accurately model the normal force analytically. Thus, a two-dimensional (2-D) nonlinear finite-element model (FEM) in ANSYS is used, for the electromagnetic force analysis. A 4-kW 8/6-pole SRM with four phases is used in this research. Fig. 1 shows the meshing of the elements for the model. Fig. 2 has the fluxlinkage plot of the motor.
Static force calculations are carried out for 31 angles from the aligned to unaligned position and 25 different currents from 1 to 25 A. Fig. 3 shows the force plot of the SRM. It is clear that the normal force dominates the tangential force, and the force concentrates on the stator pole-rotor pole area. Fig. 4 is the plot of the normal force versus phase current and rotor position.
This normal force versus phase current and rotor position lookup table can now be used to obtain the actual normal force acting on the stator for an arbitrary phase current waveform, as long as the current waveform is known. It will be used to determine the transient forces and force harmonics, and hence to calculate the vibration resulting from the normal forces.
III. MODELING AND SIMULATION OF TRANSIENT CURRENTS

A. SRM Dynamics
The operation and modeling of SRMs is entirely different from conventional motors. The complication in modeling is due to the highly nonlinear nature of the motor. There have been many attempts to model SRMs [5] - [7] , which basically differ in variables chosen for solution, therefore requiring different data sets. It is convenient to choose the governing equations as follows.
The electromagnetic equation is (1) where is the flux linkage in the phase winding, is the terminal voltage, and are phase current and phase winding resistance, respectively. The mechanical equation is
where is the electromagnetic torque, is the load torque, is the friction damping coefficient, is the moment of inertia of the rotor, and is the rotor speed. It is obvious that the above equations have no analytical solution as the flux linkage is a nonlinear function of current and rotor angle, hence, numerical analysis is necessary. subsystem for each phase, which includes two lookup tables and is used to calculate the electromagnetic torque.
B. Simulation of Currents
The data for the first lookup table can be obtained from FEM calculations (if the motor is in the design stage), or from experimental test results (if the prototype exists). In this paper the data are measured from experimental tests. Fig. 6 shows the flux linkage versus phase current and rotor position.
The torque versus rotor position and phase current lookup table can also be obtained from FEM calculations or experi- mental tests. Again, the data used in this paper are measured from experimental tests, which are shown in Fig. 7 . Fig. 8 shows the simulated transient results of phase current, flux linkage, speed, and total torque. It is for operation at a speed of 1320 r/min, with turn-on angle at 7 and turn-off angle at 22.5 .
C. Braking and Sudden Change of Torque Operation
In industrial applications, SRMs do not always run at constant speed. Thus, it is necessary to analyze SRM operations under the condition of sudden change of torque/speed and even the operating status when changing from motoring to generating/braking.
The simulation model shown in Fig. 5 is good for simulating the SRM's startup from zero to full speed, then remaining at that constant speed. By adding two "switches," one called a "Direc- tion switch, " and the other called an "Extra load switch," the model will be able to simulate the operation with a change of load and braking. This new model is shown in Fig. 9 .
The SRM can be easily operated with regenerative braking, when the turn-on angle is increased to make most of the phase current appear in the area. It is still one of the Angular Position Control (APC) modes. During braking, the direction of electromagnetic torque is opposite to the rotor rotation. The mechanical energy in the rotor is transformed to electrical energy, which will be fed back to the power source through power electronics, or dissipated in a resistor. Fig. 10 shows the simulation results of phase current, rotor speed, flux linkage, and torque under different operating conditions: startup, sudden change of load, and braking. The simulation model shown in Fig. 9 is capable of simulating all of these operations.
The simulation consists of the motor starting up from 0 to 2.57 s, then an additional 3-N m torque is added (the turn-on and turn-off angles are kept the same) from 2.57 to 3.5 s. At 3.5 s, the turn-on and turn-off angles are shifted by 30 so that the motor is operating in the braking condition, until the speed reduces to be 0 r/min. Finally, at 4.60 s, the SRM is returned to motoring operation and back to startup. 
IV. RADIAL FORCES DURING TRANSIENT OPERATION
As long as the current waveform is known, the transient force can be calculated from the lookup table. Fig. 11 shows the simulated phase current and rotor position. Notice that the rotor position is limited to be from 0 to 60 , which is required for the radial force calculations. Fig. 12 shows the calculated radial force (normal force) from lookup table technique, and its fast Fouriert transform (FFT). This radial force will be used later in the simulation model to predict the transient stator acceleration. Fig. 13 shows the radial force and its FFT, using the same technique as described above. Compared with Fig. 12 , which shows the radial force and its FFT during motor acceleration, the radial force shown in Fig. 13 is much more complicated, due to the change in different operating conditions. The FFT results show that there are higher levels of harmonics in the radial force in addition to new force harmonics when the operating conditions are changing, which means there are more opportunities to excite the resonant frequency of the motor stator.
The current waveform can also be obtained from experiments. Fig. 14 shows the recorded phase current waveform of the SRM at 1450 r/min (no load). With the known turn-on and turn-off angles, this current waveform is then used in the previous lookup table to calculate the normal force acting on the stator poles, as shown in Fig. 15 .
An FFT operation is carried out for the above normal force as shown in Fig. 16 . It has a dc component, fundamental, and harmonics. The normal force magnitudes of all the harmonics are shown in this figure together with the frequencies. This result can then be used as input in the simulation model described in the next section; thus, the output will be the simulated acceleration response.
V. VIBRATION PREDICTION
From a vibration point of view, the SRM is a complicated Multi-Degree of Freedom (MDOF) system. However it can be represented as the linear superposition of a finite number of Single-Degree of Freedom (SDOF) systems, which can be modeled as a viscously damped spring-mass system. The transient equation of motion can be obtained using Newton's law (4) where is mass, is damping coefficient, is spring constant, and is displacement. Those parameters can be obtained by transfer function identification with a series of experiments [8] . The solution of (4) is the transient vibration, including displacement response, velocity response, and acceleration response. Fig. 17 shows the simulation block of the transient vibration in the SRM. The normal force is calculated from the lookup table, using phase current results from the simulation described in the previous section. Fig. 18 shows the acceleration response under constant speed. Fig. 19 shows the simulated stator vibration and speed change during transient operation. Fig. 20 is the FFT analysis. Fig. 21 shows the three-dimensional (3-D) view of acceleration spectra during different operations under different speeds.
It is very clear that there are abundant harmonics of frequency during transients, which means it is easier to excite resonances.
VI. EXPERIMENT VALIDATION
An 8/6-pole 4-kW SRM is driven by the classical converter for the experiment. A resistor is connected to the converter in parallel to provide energy dissipation during generating/braking operation. A dc generator with resistance load is connected with the tested SRM as the load. dSPACE is used as the controller of the converter, which has the functions of DSP and AD/DA, and can be run under the environment of Matlab/Simulink.
The transient stator vibrations and phase currents are measured, as shown in Fig. 22. Fig. 22(a) shows the measured transient stator acceleration during startup, Fig. 22(b) is the FFT of the vibration, and Fig. 22(c) is the phase current. The measured acceleration and phase current are close enough to the simulated results, especially when the SRM reaches steady state. Fig. 23 shows transient stator vibration and its FFT during load change. It can be seen that, as load increases, the vibration decreases. This is because the motor speed decreases with increase in load when turn-on and turn-off angles are kept unchangeable. Fig. 24 shows the transient stator vibration and its FFT during braking operation. At this operating status, the stored kinetic energy is converted into electric energy and dissipated in the resistor, and the electromagnetic torque is negative. Thus, the vibration decreases with a decrease in speed. When speed falls to zero, the motor will be restarted in the opposite direction.
It should be emphasized that, although the vibrations during startup and braking do not significantly change compared with shows that the maximum acceleration response is around 1380 Hz, which is the natural resonant frequency of this motor. 
VII. CONCLUSION
The vibration prediction model developed in this paper is built based on the detailed normal force versus phase current and rotor position lookup table using finite-element calculations It is useful and practical, and is verified by the running motor test, which shows acceptable accuracy. The results reveal that there are abundant harmonics of transient force during operation change, and that the resonant vibration can be excited. This program now allows the possibility of using the simulation model to improve design of SRMs from a vibration and acoustic noise point of view.
It is well known that the natural frequency of the motor should be designed as high as possible. However, there are several limitations on the mechanical design, such as power ratings, dimensions, materials, mounting requirements, etc. This paper presents an effective way to design an SRM to avoid resonant modes. For example, if a motor is designed to run primarily in the transient (startup and braking), the vibration can be simulated using the model in this paper and, hence, an optimal mechanical design can be achieved to avoid excitation of the resonant frequency.
